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Through genetic recombination, the adaptive im-
mune system generates a diverse T cell repertoire
allowing recognition of a vast spectrum of foreign an-
tigens. Any given CD8+ T cell specificity is thought to
be rare, but none have been directly quantified. Here,
major histocompatibility complex tetramer and mag-
netic-bead technology were coupled to quantitate
naive antigen-specific CD8+ T cells and the early
response to infection. Among six specificities mea-
sured, the number of naive antigen-specific precur-
sors ranged from 80 to 1200 cells/mouse. After ve-
sicular stomatitis virus infection, the antigen-specific
CD8+ T cell response occurred in discrete phases:
prolonged activation of a subset of cells over the first
72 hr followed by a rapid proliferative burst. Naive
precursor frequency altered response kinetics and
regulated immunodominance, as well as the time re-
quired for the responding population to shift toward
CD62Lhi memory cells. Thus, initial endogenous pre-
cursor frequencies were surprisingly diverse and not
only regulated initial immune response characteris-
tics but also controlled memory CD8+ T cell lineage
decisions.
INTRODUCTION
The ability to generate an immensely diverse T cell repertoire
through genetic recombination is a hallmark of the adaptive im-
mune system. Theoretically, this repertoire is made up of 1015
different receptor combinations (Davis and Bjorkman, 1988).
However, a large number of such combinations are selected
against because they are unable to bind the appropriate major
histocompatibility complex (MHC) molecule or bind it with too
high an avidity. This selection process results in 1013 different
possible receptor combinations (Ignatowicz et al., 1996; Bou-
neaud et al., 2000; Zerrahn et al., 1997). However, only a fraction
of the potential repertoire can be utilized given the total number
of T cells in a mouse. In addition, the extent to which the size of
each clone restricts the overall repertoire is not known, although
estimates have beenmade suggesting that the total mouse T cell
repertoire may contain only23 106 separate clones of ten cells
each (Casrouge et al., 2000). Nevertheless, the peripheral reper-
toire is able to respond to a wide variety of antigens, which isessential to providing protective immunity against infectious
diseases.
Technological advances over the past two decades, such as
the development of T cell receptor (TCR)-transgenic mice
(Berg et al., 1988) and the use of adoptive transfers (Kearney
et al., 1994) along with the advent of peptide:MHC (pMHC) tetra-
mers (Altman et al., 1996), have allowed for the dissection of
antigen-specific CD4+ and CD8+ T cell responses. In general,
T cell responses can be divided into four distinct phases: activa-
tion, expansion, contraction, and memory. Upon antigenic stim-
ulation, naive antigen-specific CD8+ T cells become activated
and undergo rapid expansion and effector cell differentiation,
whereby they increase in numbers by up to 50,000-fold (Blatt-
man et al., 2002; Murali-Krishna et al., 1998; Butz and Bevan,
1998; Busch et al., 1998). After the peak of expansion, 90%–
95% of the effector cells undergo apoptosis, leaving behind
the long-lived memory population that develops over the next
few weeks (Kaech et al., 2002). This population of renewable
memory cells will provide enhanced protection—due in part to
the rapid expression of effector functions and localization to
nonlymphoid tissues—against secondary antigenic challenge
(Sallusto et al., 1999; Masopust et al., 2001b).
Only recently have estimates of naive antigen-specific T cell
precursor frequencies been postulated. Using indirect methods,
such as titration of TCR-transgenic cells or analysis of the b-chain
repertoire, it has been estimated that there are between 10 and
3000antigen-specific T cells permouse for agiven epitope (Blatt-
man et al., 2002; Kedzierska et al., 2006; Casrouge et al., 2000;
Pewe et al., 2004; Bousso et al., 1998; Badovinac et al., 2007).
However, a more recent report used an elegant method employ-
ing pMHC class II tetramers and magnetic-bead enrichment to
directly quantify the size of naive antigen-specific CD4+ T cell
populations (Moon et al., 2007). Three specificities were mea-
sured and comprise 20–200 antigen-specific CD4+ T cells per
mouse (Moon et al., 2007). With this knowledge, and given the
general belief that CD4+ andCD8+ T cellsmount very different re-
sponses with regard to the extent of proliferation and the overall
responsemagnitude (Foulds et al., 2002), it is therefore important
to measure the frequency of endogenous naive antigen-specific
CD8+ T cells, which has yet to be reported.
In this paper, we combined magnetic-bead separation and
pMHC class I tetramer staining to enable the highly sensitive de-
tection ofmultiple naive antigen-specificCD8+Tcell populations.
In addition, we demonstrate that this technique can be success-
fully utilized to visualize the early events of CD8+ T cell activation
and expansion after viral infection. Therefore, we were able to di-
rectly quantify the number of naive antigen-specific CD8+ T cells
and track the entire time course of an endogenous immune
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CD8+ T cells through their expansion and subsequent memory
cell differentiation.
RESULTS
pMHC Class I Tetramer Enrichment and Enumeration
of Multiple Naive CD8+ T Cell Specificities
Thus far, the number of naive antigen-specific CD8+ T cells spe-
cific for a given antigen in a mouse is not known. However,
pMHC class I tetramer staining and magnetic-bead separation
have been coupled to assess infrequent CD8+ T cell epitopes in
peripheral blood mononuclear cell (PBMCs) of humans after viral
infection (Scriba et al., 2005; Barnes et al., 2004). In addition, this
technique has been applied to assess the naive CD4+ T cell pop-
ulation (Hataye et al., 2006; Moon et al., 2007). Therefore, we
applied thismethod to detect naive antigen-specific CD8+ T cells.
We initially validated the technique for CD8+ T cells by using naive
miceormicepreviously infectedwitha recombinant vesicular sto-
matitis virus (VSV) expressing an immunodominant epitope of the
M45 protein of murine cytomegalovirus (MCMV) (Munks et al.,
2006a, 2006b). Cells from the spleen and all macroscopically
identifiable lymph nodes (LNs) were pooled from individual mice
and were then subjected to enrichment by tetramer reactivity
and magnetic-bead enrichment followed by secondary-antibody
staining. The enriched lymphocyte population was stained with
mAb specific for CD19, CD11b, MHC class II, and CD4 (‘‘dump’’
gate) and CD8 (Figure 1A). CD8+ T cells were gated, and the tet-
ramer+ population was analyzed by flow cytometry (Figure 1B).
One potential pitfall of this approach is that cells that nonspecifi-
cally bind to the tetramer may also be enriched. One way to min-
imize this problem is to stain the samples with both phycoerythrin
(PE)- and allophycocyanin (APC)-labeled tetramers of the same
specificity, an approach that has been previously used (Stetson
et al., 2002). In addition, when ovalbumin (ova)-specific OT-I
Rag2/ TCR-transgenic mice were subjected to the enrichment
protocol with the irrelevant M45:Db tetramer, few if any tetramer+
cellswere isolated (Figure 1B). Thiswas true for all tetramers used
in this study (Figure S1 available online). In contrast, memory cells
were greatly enriched, and a population of tetramer+CD8+ T cells
fromnaiveC57BL/6micewas readily detected (Figure 1B).Nearly
all tetramer+CD8+ T cells obtained were phenotypically naive
CD62LhiCD11aloCD44lo, whereas tetramer+ memory cells were
CD62Lhi and loCD11ahiCD44hi (Figure 1C).
Recently, it was shown that the Vb repertoire of a CD4+ T cell
response correlated with that found in the naive animal (Moon
et al., 2007). It is known that after VSV infection the CD8+ T cells
responding to the major immunodominant peptide derived from
the VSV nucleoprotein (N) (Van Bleek and Nathenson, 1990) ex-
press TCRs skewed toward usage of Vb13 (Kalergis et al., 1999).
Thus, to test whether the repertoire of the VSV-N:Kb-specific
naive CD8+ T cells predicted the TCR repertoire of responding
cells, we compared the usage of Vb13 within both the naive
and memory VSV-N:Kb-specific and, as a control, ovalbumin
(Ova)-specific CD8+ T cell populations. Interestingly, the fre-
quency of Vb13+ cells within both naive and memory VSV-
N:Kb-specific CD8+ T cell populations was similar, at 30%. In
contrast, Vb13 was only rarely used by either naive or memory
Ova:Kb-specific CD8+ T cells (Figure 1D). These data indicated860 Immunity 28, 859–869, June 2008 ª2008 Elsevier Inc.that the TCR usage of naive CD8+ T cells, at least in this case,
predicted TCR usage during the immune response to infection.
As an additional test of naivete´ in our enrichedCD8+ T cells, we
utilized a transgenic mouse line that expresses ovalbumin con-
stitutively, and as a consequence Ova:Kb-specific CD8+ T cells
are not induced by VSV-ova infection (Vezys et al., 2000).
Whereas enrichment with the Ova:Kb tetramer resulted in isola-
tion of a population of tetramer+ cells with naive phenotype
from normal mice, only a few tetramer+ cells were found in the
ova-transgenicmice, whichwere largely tetramer dull in staining.
In contrast, similar populations of VSV-N:Kb-specific CD8+ T
cells were present in both preparations (Figure 1E). Thus, ex-
pression of the ovalbumin neo-self-antigen resulted in deletion
of the majority of tetramer-high, presumably high-avidity,
Ova:Kb-specific CD8+ T cells. Together, these findings indicated
that the enriched tetramer+ cells represented bona fide antigen-
specific naive CD8+ T cells.
We also wished to quantify a number of antigen specificities to
begin to establish a range of frequencies for the naive CD8+ T cell
repertoire. To this end, enrichment was performed with several
tetramers (Figure 2A). The absolute number of naive antigen-spe-
cific CD8+ T cells per mouse was quantified (Figure 2B) and was
also normalized to the total number of CD8+ T cells in the mouse
(Figure 2C). Of the six specificities tested, CD8+ T cells specific
for the M45:Db and lymphocytic choriomeningitis virus (LCMV)-
derived GP33:Db epitopes had the highest average frequencies,
of 1 in 33,000 and 1 in 70,000, respectively. Lower frequencies
were observed for CD8+ T cells specific for VSV-N:Kb, Ova:Kb,
LCMV NP396:Db, or influenza virus acid polymerase (PA:Db) and
ranged from 1 in 120,000 to 1 in 164,000. Among individual
mice, the rangeof antigen-specificCD8+ T cells for all specificities
testedwasfrom80–1200cells, indicating thepotential foragreater
than 10-fold difference in frequencies between given specificities.
pMHCClass I Tetramer Enrichment Reveals theKinetics
of Early Expansion of Responding Antigen-Specific
CD8+ T Cells
Until now, the only way to examine the very early events in
a CD8+ T cell response was to transfer relatively large numbers
of single-avidity clonal TCR-transgenic cells (generally 1 3
105–1 3 106). Responses derived from transferred T cells do
notmirror endogenous responses (Marzo et al., 2005; Badovinac
et al., 2007; Stock et al., 2007). Therefore, we utilized the tetramer
enrichment protocol to monitor the antigen-specific CD8+ T cell
response to VSV-M45 infection starting from its inception. The
tissues were disrupted with collagenase and EDTA in order to
circumvent potential issues with the ‘‘locking’’ of responding T
cells in lymphoid tissues (Lefrancois et al., 2000; Maxwell
et al., 2004; Jabbari et al., 2006).
Twenty-four hours after VSV infection, only a proportion
(35%) of the antigen-specific CD8+ T cells expressed CD69
(Figure 3A), an indication of recent activation (Cebrian et al.,
1989). In addition, 12 hr after infection, only 15% of the anti-
gen-specific CD8+ T cells were CD69+ (data not shown). We
also did not observe a global upregulation of CD69 on the bulk
CD8+ T cell population, which others have seen in response to
viral infection and type I interferons (Bahl et al., 2006), suggesting
that this event is the result of TCR engagement. At 24 hr after in-
fection, CD11a expression and cell sizewere identical to those of
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(A) Flow-cytometry gates used to detect pMHC class I binding CD8+ T cells from total spleen and lymph node cells. Lymphocytes were gated on the basis of
forward scatter (FSC) versus side scatter (SSC) (left plot); this was followed by gating of CD8+ T cells that were negative for the dump stain (CD4, CD11b,
CD19, and B220) (right plot).
(B) Representative control plots demonstrating the specificity of the pMHC class I tetramer enrichment protocol. Total spleen and lymph node cells from naive
OT-I Rag2/ mice (left plot), memory mice infected 3 weeks earlier with VSV (center plot), or naive C57BL/6 mice (right plot) were enriched with both PE- and
APC-labeled M45:Db tetramers.
(C) Phenotypic analysis of enriched tetramer+ cells. Histograms are gated on the dual tetramer+ cells as described above and are representative of all the spec-
ificities analyzed. Filled histograms represent cells enriched from naive C57BL/6 mice, and open histograms are representative of memory cells.
(D) Vb13 usage by naive and memory CD8+ T cells specific for either the VSV-N:Kb epitope or the Ova:Kb epitope. Histograms are gated on enriched tetra-
mer+CD8+ T cells. These data are representative of two independent experiments, and the value indicates the percentage of antigen-specific CD8+ T cells utilizing
the Vb13 chain.
(E) The majority of Ova:Kb-specific naive CD8+ T cells are deleted in mice constitutively expressing ovalbumin. Total spleen and lymph node cells were pooled
from either naive C57BL/6 or naive 232-6 mice. Antigen-specific CD8+ T cells were enriched with either Ova:Kb or VSV-N:Kb tetramers. Contour plots were gated
as above and are representative of two independent experiments.Immunity 28, 859–869, June 2008 ª2008 Elsevier Inc. 861naive cells. By 48 hr, CD69 was absent but the cells had begun
blasting, and most were CD11ahi (Figure 3A). A small population
of CD11alo cells remained, supporting the idea that not all cells
had encountered antigen. By 72 hr after infection, the antigen-
specific CD8+ T cells remained CD69, were uniformly CD11ahi,
and were at their maximal size. At 96 hr after infection, the cells
had decreased in size but retained their phenotype.
Over the first 48 hr, the cell numbers remained largely un-
changed. (Although the values obtained appeared to be less
variable than those in Figure 2B, note that only spleen is being
analyzed here and that the y axis scales are different between
the graphs.) By 72 hr, the cells had increased in number and sub-
sequently rapidly expanded, undergoing approximately five dou-blings based on day 3 starting numbers (Figure 3B). The activa-
tion and early expansion of the antigen-specific CD8+ T cells
occurred independently of initial naive precursor frequency, at
least for the two specificities tested.
Next we examined when the antigen-specific CD8+ T cells be-
gan to synthesize DNA, as a prelude to division. Mice were given
BrdU daily after infection, and incorporation was analyzed in the
M45:Db-specific T cells. From 0 to 48 hr little, if any, BrdU incor-
poration was detected. However, from 48 to 72 hr, themajority of
the cells had entered the cell cycle and incorporated BrdU
(Figure 3C). Thus, BrdU incorporation coincided with blastogen-
esis (Figure 3A) and the small increase in cell numbers (1.5
doublings on average) that occurred during this time period
Immunity
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(A) Representative dot plots show the enrichment of tetramer+ cells for all the epitopes tested. Values represent the average precursor frequency (left value) and
average cell number (right value) found in an individual C57BL/6 mouse.
(B and C) Graphical depiction of the absolute numbers (B), and reciprocal frequency of the naive antigen-specific CD8+ T cells from total spleen and lymph nodes
cells of individual mice (C). Each symbol represents an individual mouse, and the bar indicates mean values.(Figure 3B). Taken together with the previous data, the early T
cell response comprised a prolonged activation phase lasting
approximately 48 hr followed by blastogenesis, with limited divi-
sion, leading to rapid expansion several days prior to the peak of
the response at about day 7 (Masopust et al., 2001a).
Precursor Frequency Dictates the Kinetics
and Immunodominance of the Antigen-Specific
CD8+ T Cell Response
Whether kinetic differences observed in the response are due to
differences in endogenous precursor cell numbers has not been
tested. In addition, the immunodominance hierarchy of CD8+ T
cell responses is a complex phenomenon (Yewdell and Bennink,
1999), but the role that precursor frequency plays in this process
has not been explored in detail. For the testing of these ideas,
mice were infected with either VSV-M45 or VSV-ova, and the an-
tigen-specific CD8+ T cell responses were continually monitored
in the spleen. The response to M45:Db peaked at day 6, 24 hr
prior to the responses to either Ova:Kb or VSV-N:Kb (Figure 4A).
Although theM45:Db- and VSV-N:Kb-specific responses differed
kinetically, they were of similar overall magnitude, even though
their initial precursor frequencies differed on average by 4-fold.
Also, whether the infection was initially VSV-ova or VSV-M45,
the kinetics of the response to VSV N were similar, although
the magnitude differed. These results indicated that the862 Immunity 28, 859–869, June 2008 ª2008 Elsevier Inc.maximum size of the overall response to a particular epitope
was limited by additional factors. Interestingly, the magnitude
of the VSV-N:Kb-specific CD8+ T cell response was dramatically
decreased by the presence of the M45:Db epitope, both at the
peak of the response (Figure 4B) and at memory (Figure 4C).
Therefore, the size of the memory population correlated with
the peak size of the antigen-specific CD8+ T cell population
and not necessarily precursor frequency.
We also tested when the immunodominance hierarchy was
set. On day 3 after infection, the VSV-N:Kb-specific response
was similar in magnitude after either infection, although VSV-
N:Kb-specific CD8+ T cells were always present in slightly
greater numbers during VSV-ova infection. However, by day 5
after infection, the VSV-N:Kb-specific CD8+ T cell response
was significantly (p < 0.001) reduced by the presence of the
M45:Db epitope (Figure 4D), and this difference was maintained
at day 7 (p < 0.01). These data suggested that interclonal compe-
tition for resources (i.e., APC interactions, growth factors, or
costimulatory molecules) prior to the peak of the response was
important in modulating overall clonal expansion.
Transition to a CD62Lhi Central-Memory Phenotype
Occurs More Rapidly in the M45:Db-Specific Population
We have previously shown that the number of TCR-transgenic
cells transferred can have an impact on the differentiation
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Antigen-Specific CD8+ T Cells after VSV Infection
C57BL/6 mice were infected with 2 3 105 PFU of VSV-M45. M45:Db-specific
CD8+ T cells were monitored in the spleen by tetramer enrichment for the first
4 days.
(A) Histograms are gated on enriched M45:Db-specific CD8+ T cells. CD69
expression (left plots), FSC (center plots), and CD11a expression (right plots)
were compared. The open histograms represent the antigen-specific CD8+ T
cell population and in the top row the shaded histogram depicts ‘‘naive’’
(CD11alo) CD8+ T cells. The same expression pattern was observed for the
VSV-N:Kb-specific CD8+ T cell population (data not shown). These data are
representative of three independent experiments.
(B) Kinetics of the early expansion of the M45:Db-specific CD8+ T cells. Each
dot represents the mean of three or four individual mice with the bar represent-
ing the standard deviation of the data. These data are representative of three
separate experiments.patterns of memory precursors (Marzo et al., 2005). Because we
observed that the M45:Db-specific CD8+ T cells had 4-fold-
greater average precursor frequency than both the Ova:Kb-
and VSV-N:Kb-specific CD8+ T cell populations, we asked
whether differences in memory-subset differentiation could
be detected between different specificities. During the effec-
tor stage of the response, the majority of the antigen-spe-
cific CD8+ T cells, irrespective of their specificity, had downregu-
lated CD62L expression in keeping with initial proteolytic
cleavage of CD62L on activated T cells (Smalley and Ley,
2005). However, at early memory time points (i.e., 30 days after
infection), there were significantly (p < 0.01) more CD62Lhi mem-
ory cells in the M45:Db-specific population than in either
the Ova:Kb- or the VSV-N:Kb-specific populations (Figure 5).
This difference was maintained to at least day 75, when the
M45:Db-specific memory population contained 1.5-fold more
CD62Lhi cells (50% of total) than did the populations specific
for Ova:Kb or VSV-N:Kb antigens (25%–30% of total). Interest-
ingly, by 120 days after infection, the percentage of CD62Lhi
memory cells among all three specificities had equalized at
70% of the antigen-specific CD8+ T cells. This phenomenon
appeared to be due to the slowing of population conversion of
the M45:Db-specific population and continued conversion of
the Ova:Kb- and VSV-N:Kb-specific populations.
Proliferative Capacity or CD62L mRNA Expression Does
Not Explain Differences in CD62L Expression
It has long been known that over time the CD62Lhi memory pop-
ulation becomes the predominant population in CD8+ T cell
responses (Tripp et al., 1995; Hogan et al., 2001; Roberts
et al., 2005). Two main hypotheses, which are not mutually ex-
clusive, have been used to explain this effect (Lefrancois,
2006): conversion of CD62Llo cells to CD62Lhi cells by as-yet-
unknown mechanisms or the fact that CD62Lhi memory cells ex-
hibit a higher proliferative rate than do CD62Llo memory cells,
thereby resulting in a preferential expansion of CD62Lhi cells
over time (Marzo et al., 2005;Wherry et al., 2003). The first expla-
nation appears valid for high-precursor-frequency CD8+ T cells
on the basis of adoptive-transfer studies, whereas the latter ex-
plains the effect in endogenous CD8+ T cells (Marzo et al., 2005).
However, these studies did not take into account differing
endogenous naive CD8+ T cell precursor frequencies. Thus we
wished to determine the relative turnover rate of memory CD8+
T cells of the specificities analyzed. To this end, mice were
infected with either VSV-M45 or VSV-ova and 30 days later
received BrdU in their drinking water for 4 weeks followed by
analysis of BrdU incorporation in CD62Lhi and CD62Llo memory
CD8+ T cells. If a difference in homeostatic proliferation was the
cause of the increased conversion of the M45:Db-specific popu-
lation, then the ratio of BrdU+CD62Lhi cells toBrdU+CD62Llo cells
would be greater than for the VSV-N:Kb- and Ova:Kb-specific
memory populations. However, in all three antigen-specific
memory CD8+ T cell populations, CD62Lhi cells exhibited
(C) Mice were infected with VSV-M45 and given 800 mg of BrdU i.p. daily. Mice
were sacrificed 2 or 3 days later, and the enriched M45:Db-specific splenic
CD8+ T cells were analyzed for BrdU incorporation by flow cytometry. The con-
tour plots are gated on the CD8+CD11bCD4CD19B220 cells. These data
are representative of two independent experiments.Immunity 28, 859–869, June 2008 ª2008 Elsevier Inc. 863
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Response Is Dictated by Naive Precursor Frequency
(A) C57BL/6 mice were infected with 2 3 105 PFU of either VSV-M45 or VSV-
ova. The frequency of M45:Db-specific (filled circles), VSV-N:Kb-specific (open
circles), and Ova:Kb-specific (filled triangles) CD8+ T cells was quantified daily
for the first 9 days and then at day 26 and 42 after infection. The N-specific
values were obtained from the VSV-ova infection. Each data point is the864 Immunity 28, 859–869, June 2008 ª2008 Elsevier Inc.a1.3-fold-higher proliferative capacity than the CD62Llo popu-
lation (Figure 6). Thus, increasedproliferation based on precursor
frequency did not explain the differences noted in CD62L
expression.
Because our previous results with TCR-transgenic cells indi-
cate that CD62Llomemory cells derived froma high naive precur-
sor frequency are able to re-express CD62L (Wherry et al., 2003;
Marzo et al., 2005), we wished to examine the mechanism by
which this occurs and whether a similar process was occurring
for endogenous CD8+ T cells. CD62L cell-surface expression is
controlled by twomechanisms: proteolytic cleavage and genetic
regulation (Smalley and Ley, 2005). First, with real-time PCR we
measured CD62L mRNA in adoptively transferred OT-I cells
responding to VSV-ova infection. At 1 or 2 weeks after infection,
CD62Llo cells derived from a high (53 105) or low (53 103) initial
precursor frequency were purified and CD62LmRNA expression
was determined (Figure 7A). Values were standardized to mRNA
expression in naive CD62Lhi OT-I cells. At approximately 1 week
after infection, CD62Llo OT-I cells from either transfer expressed
low amounts of mRNA, although the cells derived from the high-
input transfer expressed 2-fold more CD62L mRNA than did
thosederived from the low-input transfer. However, 2weeksafter
infection, CD62Llo cells from the high-input transfer expressed
20-fold-greater amounts of CD62L mRNA than did cells from
the low-input transfer. These data indicated that a high precursor
frequency resulted in the development of a population of cells
that had not silenced CD62L mRNA transcription.
We then testedwhether a similar difference was observed with
endogenous CD8+ T cells of high (M45:Db) or low (VSV-N:Kb) fre-
quency. RNA was purified from sorted tetramer+CD62Llo cells
14 days after VSV-M45 infection and subjected to PCR. As a con-
trol, responding CD62Llo OT-I cells from high (2 3 105) and low
(23 103) input numberswere tested. RNA levels were normalized
to those of naive CD62Lhi OT-I cells (Figure 7B). CD62L mRNA in
CD62Llo OT-I cells from the high-input transfer was readily de-
tected, whereas CD62L mRNA expression was substantially
lower in CD62Llo cells from the low-input OT-I transfer. CD62L
mRNA expression was also very low in either endogenous
CD62Llo population, and there was no difference observed be-
tween the mRNA from the two populations. Overall, these find-
ings help explain the ability of CD62Llo cells derived from high
precursor transfers to re-express CD62L (Marzo et al., 2005),
but did not support the concept that differences in CD62L gene
regulation between the two endogenous specificities accounted
for the differences in CD62L expression within the population.
mean value ± 1 standard deviation from three to five mice. These data are
representative of three independent experiments.
(B and C) The absolute number of antigen-specific CD8+ T cells in the spleen
wasmeasured at the peak of the response (day 6 forM45:Db and day 7 for both
VSV-N:Kb and Ova:Kb) (B) or 71 days after infection (C) with either VSV-M45 or
VSV-ova. Each bar represents the mean for that specificity ± 1 standard devi-
ation from three to five mice. These data are representative of three indepen-
dent experiments.
(D) Mice were infected with 2 3 105 PFU of either VSV-M45 or VSV-ova. The
magnitude of the VSV-N:Kb-specific splenic CD8+ T cell response was mea-
sured on days 3, 5, and 7 after infection. Day 3 analysis was performed by
tetramer enrichment. Each bar represents the mean of four mice with ± 1 stan-
dard deviation. Statistical significance was determined with a two-tailed Stu-
dent’s t test. These data are representative of two independent experiments.
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This work has refined the tetramer enrichment protocol used by
others to enumerate rare antigen-specific CD4+ and CD8+ T cell
populations in human PBMCs after infection (Scriba et al., 2005;
Barnes et al., 2004) and in the naive antigen-specific CD4+ T cell
population of mice (Hataye et al., 2006; Moon et al., 2007), en-
abling the specific detection of endogenous naive antigen-spe-
cific CD8+ T cells in mice for the first time. The transfer of graded
numbers of TCR-transgenic T cells has been used to estimate
naive CD8+ T cell precursor frequency (Blattman et al., 2002;
Badovinac et al., 2007). However, only a limited number of
TCR specificities are available, these cells are of single avidity,
and transfer efficiencies for each are unknown, making it imprac-
tical to estimate a broad panel of precursor frequencies via such
techniques.
The remarkable finding made with direct quantitation of only
six specificities was the broad range of naive CD8+ T cell precur-
sor numbers observed, from 80 to 1200 cells per mouse, with an
average of 120–600 cells/mouse, which would not be predict-
able from previous estimates (Blattman et al., 2002; Casrouge
et al., 2000). It should also be noted that our values were proba-
bly an underestimate of the absolute total because cells may be
lost due to isolation procedures and we did not examine blood or
nonlymphoid tissues, both of which contain naive T cells (Cose
et al., 2006). Hypothetically, if a large number of specificities
comprised 1000 cells, the overall CD8+ T cell repertoire would
appear restricted although, substantial cross-reactivity within
the CD8+ T cell repertoire exists and may substantially increase
the functional repertoire (Welsh et al., 2000).
Our analysis was based on a recent report that quantitated the
number of naive mouse antigen-specific CD4+ T cells (Moon
et al., 2007). Three specificities were measured and comprised
200 cells/mouse specific for the 2W1S:I-Ab epitope, 20 cells
Figure 5. Initial Precursor Frequency Controls CD62L Expression
Mice were infected with 2 3 105 PFU of either VSV-M45 or VSV-ova. The
expression of CD62L on the cell surface of M45:Db-specific (filled circles),
VSV-N:Kb-specific (open circles), and Ova:Kb-specific (filled triangles) splenic
CD8+ T cells was analyzed up to 150 days after infection. Each data point is
the mean value from three to five mice ± 1 standard deviation. Statistical sig-
nificance was determined by a two-tailed Student’s t test (**, p < 0.01). These
data are representative of two independent experiments.specific for FliC:I-Ab, and 20 cells specific for Ova:I-Ab.
Although it will be necessary to assess a much larger panel of
specificities to determine whether such values are representa-
tive of the overall CD4+ T cell repertoire, on average these values
are substantially smaller than those we obtained for the six CD8+
T cell specificities we measured. However, the data also indi-
cated that overlap in the frequency of particular specificities ex-
ists within the CD4+ and CD8+ repertoires (e.g., 200 CD4+ T cells
specific for 2W1S:I-Ab and 120–170 CD8+ T cells specific for
VSV-N:Kb, Ova:Kb, NP396:Db, and PA:Db). Therefore, precursor
frequency is unlikely to always explain the differences in kinetics
and magnitude of certain CD8+ versus CD4+ T cell responses.
Thus, our data on CD8+ T cells provide a valuable comparison
to what is known at this point regarding the CD4+ T cell reper-
toire. Our results also indicated that the Vb repertoire of an anti-
gen-specific CD8+ T cell population was determined by the Vb
usage profile within the naive antigen-specific population.
Although the CD8+ T cell response to VSV-N:Kb epitope is
skewed toward Vb13 usage (Kalergis et al., 1999), whether this
is due to selection of a small population of responders is un-
known. Our findings indicated that rather than selection, skewing
of V region usage was a preformed bias of the initial repertoire,
similar to what was shown for CD4+ T cells (Moon et al., 2007).
This technology also enabled us tomonitor the early phases of
the CD8+ T cell response without the aid of adoptive transfer of
TCR-transgenic cells, thereby circumventing any issues related
to increased precursor frequency or single avidities (Marzo
et al., 2005; Badovinac et al., 2007). This type of analysis of en-
dogenous T cells has not been previously reported. One question
that remains extant in the field is what proportion of the naive T
cell repertoire is recruited into any given response? Despite rela-
tively high virus infection doses, our data suggested that only
a subset of antigen-specific CD8+ T cells were activated, as
detected by CD69 expression. This result holds important impli-
cations for understanding immune-responsedynamics in relation
Figure 6. Naive Precursor Frequency Does Not Alter Homeostatic
Proliferation of Endogenous Memory Cells
Mice infected 30 days previously with either VSV-M45 or VSV-ova were given
BrdU in their drinking water for 4 weeks, and BrdU incorporation into splenic
antigen-specific CD8+ T cells was determined. The graph shows the BrdU
incorporation ratio of the CD62Lhi to CD62Llo antigen-specific memory cells.
A value greater than 1.0 indicates that more CD62Lhi memory cells have incor-
porated BrdU. Each bar represents the mean value of three mice ± 1 standard
deviation. These data are representative of two independent experiments.Immunity 28, 859–869, June 2008 ª2008 Elsevier Inc. 865
Immunity
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rameters necessary for optimal naive T cell recruitment into any
given response. Our findings also demonstrated the need for
a prolonged activation phase (72 hr) before the antigen-specific
CD8+ T cells were able to undergo rapid proliferative growth. For
the first 48 hr, antigen-specific CD8+ T cell numbers in the lym-
phoid tissues remained relatively stable with only a slight in-
crease, perhaps due to recruitment of cells from the blood and
tissues. Between 48and72hr after infection, the antigen-specific
CD8+ T cells entered the proliferative phase, and over the next
Figure 7. CD62L Gene Expression Is Not Altered by Differences in
Endogenous Naive T Cell Precursor Frequencies
(A) Either 5 3 105 or 53 103 OT-I cells (CD45.1+) were transferred to CD45.2+
mice. One day later, the mice were infected with 2 3 105 PFU of VSV-ova.
Either 1 or 2 weeks later, splenic CD45.1+CD8+ T cells were flow-sorted on
the basis of CD62L expression (purity > 98%), and RNAwas analyzed by quan-
titative RT-PCR. CD62L mRNA expression was normalized to b-actin expres-
sion, and its expression relative to naive OT-I cells was determined by the
equation 2DDCt, as previously done (Obar et al., 2004). These data are repre-
sentative of three independent experiments.
(B) CD62L mRNA expression in the endogenous antigen-specific CD62Llo-
CD8+ T cells of different specificities was determined at 2weeks after infection.
As a control, either 23 105 or 23 103 OT-I cells (CD45.1+) were transferred to
naive CD45.2+ mice. Two weeks after VSV-ova infection, CD45.1+CD8+ T cells
from the spleen were sorted on the basis of CD62L expression (purity > 98%).
For endogenous cells, CD62LloCD8+ T cells were sorted by pMHC class I
tetramers (purity > 98%). CD62L mRNA was quantitated as above. These
data are representative of two independent experiments.866 Immunity 28, 859–869, June 2008 ª2008 Elsevier Inc.24 hr the cells began to expand exponentially. These events
occurred independently of precursor frequency because the
response pattern was nearly identical between the VSV-N:Kb-
and M45:Db-specific CD8+ T cells. The initial 48–72 hr may be
required for the cells to upregulate molecules important in immu-
nological-synapse formation, such as CD11a (Rothoeft et al.,
2006; Dustin, 2004), which are necessary for prolonged TCR en-
gagement. There is evidence for prolonged interactions between
CD8+ T cells and DC in the spleen after Listeria monocytogenes
infection, which interestingly occurs just prior to the rapid-divi-
sion phase of the response in the periarterial lymphoid sheath
(Khanna et al., 2007). The combination of in situ imaging and
analysis of T cells prior to extensive expansion as shown here
will provide an exciting opportunity to dissect early events
governing the immune response.
Although the kinetics of the early response appeared similar,
the peak of the M45:Db-specific CD8+ T cell response occurred
1 day earlier than for either the Ova:Kb- or VSV-N:Kb-specific
CD8+ T cells. However, the overall maximumM45:Db-specific re-
sponse was not substantially greater than the VSV-N:Kb-specific
response in the VSV-M45 versus VSV-ova infections, respec-
tively. Therefore, an increased precursor frequency resulted in
a more rapid response and additional factors limited the expan-
sion phase. Varying the number of adoptively transferred TCR-
transgenic CD8+ T cells also affects the time required to reach
the peak response (Badovinac et al., 2007; Stock et al., 2007).
In addition to altering the kinetics of the antigen-specific im-
mune response, endogenous precursor frequency also affected
memory cell differentiation in a fashion similar to that of altering
precursor frequency through adoptive transfer (Wherry et al.,
2003; Marzo et al., 2005). The long-lived memory T cell popula-
tion consists of at least two subsets based on CD62L expression
and functional capacity (Sallusto et al., 1999; Masopust et al.,
2001b; Reinhardt et al., 2001;Marzo et al., 2007): CD62Llo, effec-
tor-memory cells (Tem) and CD62L
hi, central-memory cells (Tcm).
However, upon transfer of high numbers of TCR-transgenic
cells, a CD62Llo transitional Tem population develops with high
homeostatic proliferative ability and the ability to re-express
CD62L over time (Marzo et al., 2005; Wherry et al., 2003). Our
present results indicated that at higher endogenous precursor
frequencies, the M45:Db-specific population converted toward
CD62Lhi more rapidly than did the lower-frequency VSV-N:Kb-
or Ova:Kb-specific responses. However, this was not explained
by differences in growth potential, given that the ratio of CD62Lhi
and CD62Llo cells undergoing homeostatic proliferation was
identical among the three specificities. Moreover, we have now
defined the mechanism of CD62L re-expression in the transi-
tional Tem population by demonstrating a lack of silencing of
CD62L gene expression, thereby allowing CD62L mRNA to be
produced in CD62Llo cells. In contrast, little CD62L mRNA was
detectable in CD62Llo cells generated from endogenous CD8+
T cells regardless of initial frequency; thus it appears that transi-
tional Tem are not the means of shifting to a predominately
CD62Lhi memory population. Although other possibilities exist,
we favor the hypothesis that early competitive events result in
differential downregulation of CD62L expression and that small
changes in the number of CD62Lhi cells between specificities re-
sults in more rapid population conversion to CD62L expression
as a result of the increased proliferation of the CD62Lhi subset
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et al., 2005; Lefrancois, 2006). The fact that CD62L is proteolyt-
ically cleaved early after T cell activation (Jung and Dailey, 1988;
Jung et al., 1988; Smalley and Ley, 2005) makes analysis of this
possibility problematic. Interestingly, data from a recent report
showed that the endogenous LCMV GP33:Db-specific memory
CD8+ T cell population became CD62Lhi more rapidly than did
the NP396:Db-specific population (Sarkar et al., 2007). This find-
ing was predicted by our demonstration that the endogenous
precursor frequency specific for GP33:Db was2–3-fold greater
than that for NP396:Db. Although that report suggested that
endogenous CD62Llo cells could convert to CD62Lhi cells, this
result could easily be explained by the level of contamination in
their purifications (4%–6%) and the extended time frame over
which conversion occurred. Thus, our findings indicated that ini-
tial precursor frequency, even within the natural T cell repertoire,
regulated the character of the resulting memory population, and
we believe that this is a result of events occurring early during
T cell activation. Overall, our results provided important insight
into understanding the effects of the endogenous CD8+ T cell
repertoire on primary and memory responses and supply
a framework to analyze the status of the natural T cell repertoire
in a variety of normal and pathologic situations.
EXPERIMENTAL PROCEDURES
Mice
C57BL/6 mice were purchased from the National Cancer Institute. TCR-trans-
genic OT-I Rag/ (Hogquist et al., 1994) and F5 Rag/mice (Mamalaki et al.,
1993) were bred in-house. 232-6 mice expressing ovalbumin under control of
the intestinal fatty-acid-binding protein promoter were previously described
(Vezys et al., 2000). All animal protocols were approved by the University of
Connecticut Health Center Animal Care Committee.
Infections
For construction of the VSV expressing the M45:Db epitope (Munks et al.,
2006b), the nucleotide sequence encoding the minimal CD8+ T cell epitope
was inserted in-frame in the 50 end of the sequence encoding GFP by PCR,
and the virus was generated as previously described (Lawson et al., 1995).
The recombinant VSV expressing ovalbumin was previously described (Kim
et al., 1998). Mice were infected intravenously with 2 3 105 plaque-forming
units (PFU) of VSV.
Tissue Preparation, Flow Cytometry, and pMHC Class
I Tetramer Reagents
Single-cell suspensions were prepared by collagenase digestion (Masopust
et al., 2001b). Lymphocytes (13 107 cells/ml) were stained with peptide:MHC
class I tetramers, anti-CD8 (clone 53-6.7), and Fc block for 1 hr at room
temperature (RT) and then washed and stained with anti-CD62L, anti-CD69,
and anti-CD11a for 30 min at 4C. H-2Kb tetramers containing either the
OVA-derived peptide SIINFEKL or the VSV-N protein-derived peptide
RGYVYQGL were generated in our lab as previously described (Altman
et al., 1996). H-2Db tetramers containing the MCMV M45-derived peptide
HGIRNASFI or the influenza virus PA epitope were obtained from the NIH Tet-
ramer Core Facility.
Enrichment of Antigen-Specific CD8+ T Cells
Single-cell suspensions from spleen and lymph nodes (mesenteric, inguinal,
cervical, axillary, and brachial) were stained with PE- and APC-labeled
pMHC-I tetramers, anti-CD8 (clone 53-6.7), and Fc block for 1 hr at RT in 1 ml
of PBS containing 0.1% NaN3, 0.5% BSA, and 2 mM EDTA (MACS buffer).
Cells were then washed, resuspended in 500 ml of MACS buffer, and labeled
with 50 ml of anti-PE microbeads (Miltenyi Biotec) for 30 min at 4C, washed,
and passed over a magnetized LS column (Miltenyi Biotech). Columns werewashed and then removed from the magnet, and bound cells were eluted.
Cells were then stained with anti-CD44, anti-CD11a, anti-CD62L, anti-CD4,
anti-CD19, anti-IAb, and anti-CD11b for 30 min at 4C. Anti-CD11b was left
out for the enrichment of tetramer+ cells after infection because CD11b may
be expressed by some activated T cells. Cells were then washed and fixed
with 2% PFA. The entire sample was then analyzed with a LSRII cytometer
(Becton Dickinson).
Measurement of BrdU Incorporation
BrdU was administered to infected mice in their drinking water (0.8 mg/ml) for
long-term turnover experiments or was injected intraperitoneally (i.p.) daily
(800 mg) for short-term studies. The cells were then stained with anti-BrdU
according to the BrdU flow kit protocol (BD PharMingen).
Cell Sorting and Quantitative RT-PCR
CD62Lhi and CD62Llo cells were purified on a FACSVantage SE (Becton Dick-
inson) after magnetic-bead enrichment of CD8+ T cells. Cells were purified to
greater than 98% purity. For analysis of CD62L transcripts, RNA was isolated
from the FACS sorted cells with the RNeasy Mini Kit (QIAGEN). cDNA was
made with SuperScript II RT (Invitrogen) and 0.5 mg of oligo(dT) primer at
42C for 50 min. Quantitative PCR was performed with 2 ml of the cDNA mix-
ture with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) and 400 nM
of the appropriate primers. Primer sequences were as follows: CD62L #1, 50-G
GGCTCGAGGAACATCCTGAAG-30; CD62L #2, 50-TGCAGAACTTTCTAGCA
TTTTCCCA-30; b-actin #1, 50-AGAGGGAAATCGTGCGTGAC-30; and b-actin
#2, 50-CAATAGTGATGACCTGGCCGT-30. The samples were subjected to
40 cycles of 30 s at 95C and 30 s at 60C. qPCR was performed with a
Bio-Rad iCycler. CD62L mRNA expression was normalized to b-actin expres-
sion, and then relative expression was determined as previously described
(Obar et al., 2004).
Statistical Analysis
Statistical significance was determined by the Student’s t test, with a p < 0.01
being significant.
SUPPLEMENTAL DATA
One figure is available at http://www.immunity.com/cgi/content/full/28/6/859/
DC1/.
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